as the interaction potential of such a protein is limited to its static solvent-accessible surface. More recently, it has been recognized that proteins can be entirely unstructured or can contain disordered regions interspersed with independently folded globular domains (26) . Intrinsically disordered proteins or regions, which are defined as those lacking a well-structured three-dimensional fold, exist in a dynamic and flexible state that is largely free of secondary structural elements and tertiary interactions. In this way, thermal motion allows the segments to spatially sample conformational space for appropriate molecular contacts. In addition, it is well recognized that proteinprotein interactions can be mediated by short segments of linear sequence, referred to as molecular recognition features (MoRFs) or linear motifs (LMs), which are often characterized by local structural plasticity or disorder (25) . Thus, the incorporation of local or extended regions of intrinsic disorder allows hub proteins to adopt multiple conformations, allowing "promiscuous" binding to diverse partners and maximizing their interaction capabilities (25) . Intrinsically disordered proteins are not necessarily completely disordered. The CBP coactivator/acetyltransferase is a prime example, as it contains multiple ordered domains linked by stretches of local disorder (26) .
As a consequence of protein-protein interaction, a formerly unstructured region becomes locked into a static conformation. A MoRF that adopts an ␣-helical, ␤-strand, or irregular conformation upon binding is termed an ␣-MoRF, ␤-MoRF, or I-MoRF, respectively (88) . Binding is accompanied by a large decrease in conformational entropy, which uncouples specificity from binding strength. This uncoupling effectively makes highly specific interactions readily reversible, which is ideal for signal transduction proteins that must not only associate specifically to initiate a signal but also dissociate when signaling is complete. Bioinformatics studies suggest that intrinsic disorder is highly prevalent in eukaryotic proteins. Indeed, Ͼ70% of signaling proteins are predicted to have extended regions of disorder (57) .
ADENOVIRUS E1A: A VIRAL MOLECULAR HUB
The small DNA tumor viruses, such as adenovirus, papillomavirus, and polyomavirus, all induce cancers in animal or human systems (99) . Oncogenic transformation directly reflects the fundamental changes these viruses effect on the cellular protein interaction network. Each of these viruses ex-presses multifunctional viral hub proteins that deregulate cell growth by interaction with multiple cellular proteins (99) . This review focuses on the human adenovirus (HAdV) early region 1A (E1A) proteins, although there are many commonalities between its functions and those of the polyomavirus large T antigen and papillomavirus E7 proteins.
E1A is the leftmost adenoviral gene, and it has been most extensively characterized for HAdV serotype 5 (HAdV-5). The HAdV-5 E1A gene encodes two major proteins of 289 and 243 residues that are expressed at high levels early after infection. These proteins arise from differential splicing of the same transcript and differ only by the presence of an internal sequence of 46 amino acids in the larger protein (Fig. 1) . These E1A proteins are localized in both the cytoplasm and nucleus (110, 128) . Three additional mRNA species that encode proteins of 217, 171, and 55 amino acids are produced at later times (123, 129) . Splicing maintains the same translational reading frame for all E1A products except the 55-residue product, which has only 28 amino acids in common with the other E1A products. During infection, splice site selection initially favors production of the 289-and 243-residue proteins, but it shifts to favor the 55-residue product at later times (120) . Sequence comparisons of the largest E1A proteins of several adenovirus serotypes identified four regions of sequence similarity, designated conserved region 1 (CR1), CR2, CR3, and CR4 (4, 5, 66, 131) (Fig. 1) .
In infected human cells, E1A is essential for a productive viral infection (64) . The effects of E1A can be considered to be largely, if not completely, mediated by changes in transcription. E1A is the first viral gene expressed after infection (98) and is responsible for activating viral gene transcription. It also reprograms host cell gene expression, forcing quiescent cells to enter and pass through the cell cycle, blocking cell differentiation (7, 8, 34, 38) . E1A also plays a role in suppressing the inflammatory response to the viral infection (113) . HAdV infection of human cells is lytic, usually resulting in the death of the host cell and the release of progeny virus.
In contrast to that of human cells, HAdV infection of rodent cells is nonproductive and does not result in cell death. The oncogenic properties of E1A in rodent cells are readily apparent (94) . E1A can efficiently immortalize rodent cells or fully transform them in cooperation with a second oncogene, such as the adenovirus E1B gene or activated ras (7, 38, 116) . Despite the clear oncogenic properties of E1A, its expression in previously transformed human and animal cells has shown that it can also function as an anti-oncogene to suppress metastasis, angiogenesis, and tumorigenicity in vivo, trigger apoptosis, and induce differentiation to an epithelium-like cell type (21, 36, 94) .
The multiple activities of E1A in different experimental systems reflect its role as a viral molecular hub. E1A makes many independent connections to the cellular protein interaction VOL. 82, 2008 MINIREVIEW 7253 network, and many of its targets are hub proteins themselves. At present, there are about 50 distinct protein targets that have been reported to interact with E1A. Mechanistically, E1A alters or inhibits the normal function of these cellular proteins and may even establish new connections in the cellular network. Thus, E1A effectively rewires the infected cell to create an environment that is more conducive to viral replication.
E1A: AN INTRINSICALLY DISORDERED VIRAL PROTEIN
There is no atomic structure available for any of the E1A proteins, but there are anecdotal reports of attempts to determine it. This is suggestive, but not conclusive, evidence that E1A may be highly disordered, as the structural flexibility of disordered regions makes it impossible to determine a highresolution protein structure by X-ray crystallography and/or nuclear magnetic resonance. E1A has no known cellular orthologs, but CR1 and CR2 share sequence similarity with portions of polyomavirus large T antigen and papillomavirus E7 (33, 104, 133) . A recent study describing the solution structure of human papillomavirus 45 E7 reported that the CR1 and CR2 portions of E7 are intrinsically disordered (101), suggesting that the corresponding regions of E1A are similarly disordered. Extensive mutation analysis has shown that E1A is highly modular and that insertions or deletions generally interfere only with specific subsets of function and do not globally affect activity (7) . The observation that recombinant E1A that had been fully denatured by boiling still retained the ability to induce transcription and translocate to the nucleus when microinjected into cells further supports the notion that E1A is largely unstructured (68) .
Although the reliable prediction of the three-dimensional structure of a globular protein from primary amino acid sequence alone is not yet a reality, identification of sequences likely to be intrinsically disordered is now considered routine. Bioinformatic analysis using PONDR (109), Foldindex (130) , and DISOPRED (138) suggest that the largest E1A proteins of HAdV-3, -4, -5, -9, -12, and -40, which represent each of the six HAdV subgroups, exist largely in a natively unfolded conformation. Indeed, the only portions of these E1A proteins generally predicted to have any native structure are a small Nterminal region and CR3 (Fig. 2) .
MoRFs AND LMs IN E1A
Our current understanding of E1A is that it consists of a collection of independent protein binding motifs, or MoRFs, that allow it to interact with a plethora of cellular targets. As described earlier, these MoRFs are unlikely to exhibit a specific structure until they are in contact with their protein targets. Presumably, these interaction motifs have evolved independently to mimic cellular protein interaction surfaces to provide an advantage to the virus. The organization of E1A into discrete protein interaction modules makes it ideally suited for mutational analysis (7) . It should be noted that although the various E1A domains can function independently, it is likely that some activities of E1A result from a coordination of activities localized to separate domains that will occur only in a cis, rather than a trans, fashion (137) . For example, E1A can serve as a scaffold by binding an enzyme using one domain and a possible substrate using another to facilitate covalent modification (14, 150) .
The identification of the protein interaction motifs within E1A and the determination of the specific residues involved in intermolecular contacts are valuable areas of investigation that have enriched our understanding of eukaryotic protein function. For example, E1A interacts with the cellular transcriptional corepressor C-terminal binding protein (CtBP) via the short motif PXDLS (where X is variable), which was later identified in various cellular repressor proteins (16) . Similarly, the interaction of E1A with the cell cycle regulator pRb requires the core motif LXCXE (93), the interaction with the BS69 corepressor requires the motif PXLXP (2), and the interaction with CBP/p300 requires the motif FXD/EXXXL (100). Each of these sequences was originally identified within HAdV E1A but has since been found in numerous other proteins that interact with these targets (Fig. 1) . Thus, the identification and characterization of MoRFs within E1A allow them to be subsequently detected in the primary sequences of other proteins, and this detection immediately suggests pertinent information regarding their cellular activities and mechanism of action. We exploited this approach to map a corepressor-nuclear receptor ("CoRNR") box motif (55, 103) in E1A (LXXLIXXXL) (Fig. 1 ) that confers binding to the thyroid hormone receptor (TR), and this enabled us to identify a new transcriptional activation function in a cellular protein containing this motif (84) .
A brief description of the currently identified MoRFs, their cellular targets, and their role in E1A function follows below. For convenience, the MoRFs are organized based on their location within E1A, and the approximate positions for selected MoRFs are shown in Fig. 1 .
N terminus/CR1. The N terminus of E1A, which corresponds to the first 41 residues of HAdV-5 E1A, binds a wide range of cellular targets (4). To date, at least 15 different proteins have been confirmed to bind to this short amino acid sequence. The majority of these consist of proteins that directly regulate gene expression. These include specific transcriptional regulators, such as AP-2 (118), myogenin (127) , and TR (85, 135) , or more general transcriptional coactivators, such as p300/CBP (3, 27) , p400 (37), transformation/transcription domain-associated protein (TRRAP) (19) , pCAF (108) , and TATA box binding protein (TBP) (75, 119) . Additional proteins that bind to this region include the receptor for activated protein kinase C (RACK1) (112) , the Ran GTPase (20) , the S4 and S8 components of the 19S regulatory components of the proteasome (46, 128) , the RII␣ subunit of protein kinase A, and the recently reported Nek9 kinase related to the NimA (never in mitosis gene A) family of mitotic kinases (102) . The large repertoire of targets for the N terminus of E1A reflects its heterogeneity of function. This region of E1A is involved in transformation, suppression of differentiation, induction of DNA synthesis and cell cycle progression, and modulation of gene expression, either as a transactivator or a repressor (7, 8, 34, 38) .
The N termini of the different HAdV E1A proteins are typically predicted by bioinformatics tools to contain a mixture of structured and unstructured regions. However, the N terminus of HAdV-5 E1A differs from the others, as it is pre-dicted to be primarily structured (Fig. 2) . Several groups have individually mutated each of the first 30 N-terminal residues of HAdV-5 E1A and assessed these mutants for their ability to bind various cellular proteins and perform a variety of functions (10, 106) . From these analyses, it is clear that while most residues are preferentially involved in binding to one or two targets, L19, L20, and L23 are important for interaction with many different targets, suggesting that they may be structurally important.
The N-terminal regions of HAdV E1A proteins are typically predicted to contain an ␣-helix (4, 40) . In HAdV-5, a portion of this putative helix spanning residues 16 to 28 has amphipathic characteristics (Fig. 3) . A similar amphipathic ␣-helix is also predicted between residues 10 and 27 of HAdV-12 E1A. Several lines of evidence support the existence of these putative amphipathic ␣-helices. First, HAdV-5 E1A interacts with the unliganded TR via a CoRNR box motif (LXXL/I/HIXXX L/I) spanning residues 20 to 28 (84) . The CoRNR box motif is also found in nuclear hormone corepressors, such as nuclear receptor corepressor splice variant (NCoR) and silencing mediator of retinoic acid and thyroid hormone receptor (SMRT) (Fig. 1) , and forms an extended amphipathic helix that contacts a hydrophobic pocket on the unliganded nuclear hormone receptors (55, 103, 144) . As a second line of evidence, the N terminus of HAdV-12 E1A interacts with the RII␣ regulatory subunits of protein kinase A, functioning as a viral A kinase anchoring protein (AKAP) (31) . It is well established that cellular AKAPs use an amphipathic ␣-helix of 14 to 18 residues to engage a preformed shallow groove on the surface of dimerized RII␣ (13, 44) , and the addition of such a peptide derived from a cellular AKAP blocks the interaction of HAdV-12 E1A with RII␣. The contribution of this putative helix for interaction with other targets remains to be determined. It is interesting that a simple amphipathic ␣-helix can be utilized to confer promiscuous interaction with diverse targets.
CR1 of E1A spans residues 42 to 72 in HAdV-5 E1A (4) (Fig. 2) and cooperates with the N terminus in binding several transcriptional regulators, including p300/CBP (28, 143) . CR1 also has a critical role in releasing E2Fs that are associated with the pRb family of proteins (30, 58) . Unhindered by pRb, free E2Fs activate transcription from viral early genes and cellular S phase-specific genes. E1A CR1, together with the N FIG. 2. Alignment of selected HAdV E1A proteins and prediction of intrinsic disorder. The amino acid sequences of the largest E1A proteins of HAdV-3, -4, -5, -9, -12, and -40, which represent each of the six HAdV subgroups, are shaded with respect to their predicted preference to form intrinsically unstructured regions (black) or structured domains (unshaded). The CRs (CR1 to CR4) are indicated, and sequences are aligned based on amino acid similarity.
terminus, possesses a strong transcriptional activation activity, which is revealed when it is tethered to a promoter via a heterologous DNA binding domain (9) . Like the N terminus, this region is largely unstructured. Recently, a structure of a short fragment of HAdV-5 E1A CR1 was resolved in association with the E2F binding region of pRb (78) . That work identified an ␣-MoRF of the sequence LXE/DLY spanning residues 43 to 47 in HAdV-5 E1A, which is found in other viral and cellular proteins that also bind pRb (Fig. 1) . E1A CR1 directly competes for the same interactions as E2F and is thus capable of preventing E2F from binding to pRb. Interestingly, the authors of the study observed an increase in ordering of the pRb L1 loop (between helices ␣4 and ␣5 of pRb) upon E1A binding, which is a classic feature of the high-specificity but low-affinity interactions observed with inherently unstructured proteins (78) . This change in structure is likely concurrent with structural changes in the E1A CR1 region upon binding. The dissociation constant for this interaction is relatively high (ϳ1 M) and is 1,000-fold higher than what is observed for CR2 and pRb interaction (ϳ1 nM; see below) (78) . The current model for the effects of E1A on pRb function is described further in the CR2 section below.
Recently, a MoRF conferring interaction with TRRAP was identified in nuclear protein mapped to the AT locus (NPAT), which was also proposed to exist in E1A (22) 
CR1 is also required for interaction with the CH3 region of p300/CBP via the MoRF FXDXXXL (residues 66 to 72 in HAdV-5 E1A), which is also found in a number of other viral and cellular proteins that bind p300/CBP (100) (Fig. 1 ). This region of E1A along with the N terminus is required to form an interaction with p300/CBP in vivo (28, 121) . It seems likely that E1A uses multiple MoRFs that confer highly specific but lowaffinity interactions with target proteins, such as p300, in order to form a stable high-affinity interaction.
CR2. CR2 is required for a number of E1A functions that are important for virus replication; these include activation of viral early gene expression and stimulation of the infected cell to enter the cell cycle (7, 8, 34, 38) . In addition, CR2 is required for oncogenic transformation of primary rodent cells in culture (61, 69, 73, 92, 115, 132, 142) , stabilization of p53 (147), induction of apoptosis (95) , and sensitization of cells to the cytotoxic effects of tumor necrosis factor (117) . The CR2 regions of the different E1A proteins are predicted to lack a defined structure, with the notable exception of HAdV-12 E1A (Fig. 2) , and can bind multiple proteins via short MoRFs (Fig.  1) . In HAdV-5 E1A, CR2 spans residues 115 to 137 (4) . The remainder of this section will discuss what is known about the interaction between E1A CR2 and its four known targets: pRb and its family members, BS69, UBC9, and the S2 subunit of the 19S regulatory complex of the proteasome.
Notably, the first E1A-interacting protein to be identified was the retinoblastoma susceptibility protein pRb (141) . This interaction, which is absolutely required for E1A to cooperatively transform primary rodent cells in culture, was also the first demonstration of a tumor suppressor physically interacting with an oncogene. E1A interacts specifically with hypophosphorylated active pRb mainly through the LXCXE motif spanning residues 122 to 126 within CR2 of HAdV-5 E1A (58, 87) . This motif was subsequently identified for other viral and cellular proteins that also interact with pRb ( Fig. 1) and is present in all currently sequenced human and simian AdV E1A proteins (4) . Although no structural data are available for this portion of E1A, the crystal structure of a short peptide containing the LXCXE motif from human papillomavirus type 16 (HPV16) E7 (residues 22-DLYCYEQLN-28) complexed with pRb indicates that it most likely forms an extended ␤-strand-like conformation that binds a shallow groove on the B-box of pRb (72) . Thus, the LXCXE region can be considered a ␤-MoRF. The alternating residues (L, C, and E) point into the groove and make strong intermolecular contacts. Although the other residues in the motif do not interact with pRb, they do make intramolecular contacts that stabilize the conformation of the peptide in the bound state. This partially explains the observation that high-affinity interaction of LXCXE-containing proteins with pRb requires the presence of a preceding aspartic acid residue (51), which forms an H-bond with the second tyrosine (72) . Notably, all human and simian AdV E1A proteins contain the preceding aspartic acid residue, and most contain a tyrosine at the position of the second X and are thus predicted to make high-affinity interactions with pRb (4).
The crystal structure of the E7 peptide shows that L28 also points into the groove and makes a hydrophobic contact with pRb similar to that made by L22. In HAdV-5 E1A, the corresponding amino acid is G128, but the following amino acid, F129, is postulated to make a contact similar to that of L28 in HPV16 E7. F129 is highly conserved in other HAdV and simian AdV E1A proteins (4). In addition, a patch of acidic residues downstream of the LXCXE motif is required to further stabilize the E7-pRb interaction. Studies have shown that this acidic patch contacts a patch of basic residues in pRb. Mutating these acidic residues to basic residues greatly reduces HPV E7 interaction with pRb, as does mutation of the basic residues in pRb to acidic residues (23) . In a remarkable example of parallel evolution, a highly conserved acidic patch is present following the LXCXE motif in all HAdV and simian AdV E1A proteins (e.g., 133-DDEDEE-138 in HAdV-5 E1A) and the large T antigen of simian virus 40. Some reports indicate that mutation of these acidic residues also reduces the interaction of HAdV-5 E1A with pRb or the ability to overcome a pRbdependent cell cycle arrest (1, 6) . Interestingly, the HAdV-12 LXCXE motif differs from the other serotypes, as it is predicted to be structured, and this is a property shared with the E1A proteins of the other subgroup A viruses, HAdV-18 and -31 (Fig. 2, data not shown) . It may therefore form a more stable complex with pRb, which could be related in part to the ability of the highly oncogenic subgroup A HAdVs to induce tumors in rodents.
The high-affinity interaction of CR2 with pRb essentially increases the local pRb concentration, allowing the lower-affinity pRb binding motif in CR1 (described above) to bind and dissociate it from transcription factors of the E2F family (78) . This dissociation frees E2F to activate early viral transcription and also causes the infected cell to enter the cell cycle. This has been reviewed extensively elsewhere (32) .
Another cellular protein that interacts with E1A through CR2 is BS69. Interaction with BS69 inhibits transcriptional activation by E1A CR3 and stabilizes E1A by blocking ubiquitination (59). BS69 is a transcriptional repressor that was originally identified as an E1A-interacting protein (49) . It functions by recruiting corepressors, such as NCoR, and chromatin remodeling machinery, such as HDAC1, BRG1, and EZH2. A MYND domain mediates the interaction between BS69 and an MPXLXP motif spanning residues 112 to 117 in HAdV-5 E1A CR2 and other viral and cellular proteins (2) (Fig. 1) . This PXLXP motif is not highly conserved and is observed only in the E1A proteins of subgroups C (HAdV-1, -2, -5, and -6) and A (HAdV-12, -18, and -31) (4). Interaction of E1A with BS69 has been reported to also require CR3, as the 243R product binds weakly compared to the 289R E1A (49) , but this requirement has not been reproduced in another study (2) . However, only the 289R E1A protein is able to relieve BS69-mediated repression of the transcriptional activator c-Myb (70) . Although the exact consequences of the interaction of BS69 with E1A are not entirely understood, it is becoming clear that BS69 plays roles in cell cycle regulation and senescence (56, 136, 146) .
A third target of CR2 is the small ubiquitin-like moeity (SUMO) conjugase UBC9 (ubiquitin conjugase 9). Like BS69, UBC9 was also first cloned and identified as an E1A binding protein (50) . Interestingly, the binding site for UBC9 overlaps the LXCXE pRb binding motif, as the L122I E1A mutant no longer binds UBC9. However, the binding site is clearly different, as a C124G/E135K double mutant in the LXCXE motif, which cannot bind pRb, still interacts with UBC9 (50). Little is known about the consequence of E1A interaction with UBC9. The importance of the SUMO pathway in regulating virtually all aspects of cell function has been clearly established over the last few years (63) , and it is likely that E1A modulates SUMOylation through interaction with UBC9. Interestingly, many E1A-interacting proteins are known to be SUMOylated, including p300/CBP, pRb, and CtBP (43, 65, 71) .
The final target of CR2 is the S2 component of the 19S regulatory complex of the 26S proteasome (147) . The S2 binding site also overlaps the pRb binding region in CR2, as deletion of residues 124 to 127 abrogates this interaction, although mutation of any individual residue in the LXCXE motif does not disrupt binding. The interaction of E1A with S2 interferes with proteasomal activity, contributing to the stabilization of p53 by E1A and the sensitization of cells to tumor necrosis factor alpha-induced apoptosis (147) .
In summary, it is remarkable that the short, 23-amino-acid stretch which CR2 comprises mediates the interaction with four different proteins. This density of protein interaction motifs exemplifies the compact multifunctional nature of HAdV5 E1A and probably could not be achieved with a polypeptide chain with a fixed structure.
CR3. E1A CR3 encodes a C 4 zinc finger (18) and functions as a potent transcriptional activation domain that is critical for activating viral early gene expression (7, 8, 34, 38) . CR3 is sufficient alone to potently activate transcription when tethered to DNA as a fusion to a heterologous DNA binding domain (74, 81) . The cores of CR3 from the six representative HAdV E1A proteins are predicted to have a defined structure (Fig. 2) . Virtually all deletion mutants within CR3, unlike other regions of E1A, simply do not activate transcription (29, 60) , and no MoRFs have been identified within this region. Taken together, these findings reinforce the concept that CR3 is a more-ordered region of E1A and that this structure is a requisite to activate transcription. As a result, the current model of CR3 function was built from painstaking analysis of point mutants. Indeed, every residue of HAdV-5 CR3 has been mutated to at least a conservative amino acid and assayed for transcriptional activation (42) . This massive effort defined the factors and the key interaction residues of CR3 that are required to activate transcription of the early viral genes and generated a model that serves as the paradigm for nonacidic VOL. 82, 2008 MINIREVIEW 7257
on February 28, 2013 by PENN STATE UNIV http://jvi.asm.org/ viral transcriptional activators. However, a three-dimensional structure has yet to be defined for this region. In HAdV-5 E1A, CR3 spans residues 144 to 191 (4) and can be considered to be comprised of three functional subdomains: an N-terminal zinc binding region mapping between residues 139 and 179, a C-terminal promoter targeting a region spanning residues 183 to 188, and an acidic region that extends beyond CR3 that spans residues 189 to 200, termed auxiliary region 1 (AR1) (Fig. 4) . Deletion of the entire C 4 zinc binding subdomain, or any portion of it, results in a complete loss of transcriptional activation function. However, mutation of the promoter-targeting domain leads to a dominant-negative phenotype (139) . The latter class of mutants continue to bind to limiting cellular factors through the zinc finger subdomain but are unable to associate with a promoter, resulting in squelching of the cellular factors and a loss of activation by wild-type E1A. Deletion of AR1, or a decrease in its overall acidic charge, also results in a loss of transcriptional activation (124) .
The zinc finger subdomain of CR3 interacts with cellular TBP (42) and with MED23, a component of the mediator adaptor complex (12) , in order to nucleate the transcriptional preinitiation complex. These two targets interact with specific residues found within the zinc finger subdomain (139) (Fig. 4) . Furthermore, these interactions require specific zinc coordination, as a single point mutant that converts the zinc finger to a C 2 H 2 type results in a complete loss of transcription activation (140) .
E1A has no specific DNA binding activity and is recruited to viral and cellular promoters via interaction between the promoter-targeting subdomain spanning residues 183 to 188 of HAdV-5 E1A and cellular sequence-specific DNA binding transcription factors (76) . The adenoviral early region promoters contain binding sites for many cellular transcription factors that interact with this short region of CR3, including those of the cyclic AMP response element/activating transcription factor (ATF) family, upstream stimulatory transcription factor (USF), and Sp1 (76, 77) . This region has also been shown to bind TBP-associated factor II 250 (TAF II 250) and TAF II 135 (41, 83) . Interestingly, the promoter-targeting region in E1A is predicted to be unstructured (Fig. 2) . This may contribute to its ability to interact with multiple unrelated transcription factors.
More recently, components of both major subunits of the proteasome were shown to interact with CR3 of the E1A proteins of each of the six HAdV subgroups (107) . The S8 component of the 19S ATPase proteins independent of 20S (APIS) complex interacts with HAdV-5 E1A CR3 via residues 169 to 188. The addition of small amounts of exogenous S8 increases CR3 activity, whereas high levels abrogate transcriptional activation, suggesting that S8 is required in stoichiometric amounts for function. Moreover, small interfering RNA knockdown of S8 results in a loss of CR3-dependent transcriptional activation at levels similar to those seen with small interfering RNA knockdown of other targets of CR3, such as TBP. The 20S proteasome subunit has also been shown to interact with CR3 independently of APIS and the 26S proteasome via HAdV-5 E1A residues 161 to 177 (107) . Chromatin immunoprecipitation experiments show that these components and E1A are found at both promoter and transcribed sequences, suggesting a role in both initiation and elongation. Chemical inhibition of the proteasome also represses CR3-dependent activation of transcription. These findings suggest that the proteasome directly controls E1A-dependent transcriptional activation. Moreover, mutational analysis has also established that the potency of E1A activation is inversely related to its stability (107) , as has been observed for other transcriptional activators, including herpes simplex virus type 1 . These results suggest that proteolysis of E1A, and that of potentially other locally associated chromatin bound factors, is required to promote subsequent rounds of transcriptional initiation and contributes to the potency of transcriptional activation by CR3. AR1, which in HAdV-5 E1A is a series of six repeats of EP, is consistently predicted to be structurally disordered (Fig. 2) . The target(s) of AR1 remains to be identified, but it is known that the overall negative charge is critical to its function, whereas glycine can substitute for the prolines without a loss of function (124) .
The assembly of an active transcription initiation complex by CR3 begins with the recruitment of E1A to the template via interaction with sequence-specific DNA binding transcription factors. CR3 subsequently orchestrates the nucleation of multiple key transcriptional regulators via distinct subdomains. CR3 appears to be an example where an ordered region, required for specific interaction with few targets (TBP and MED23), is juxtaposed to a disordered region required for promiscuous interaction with multiple promoter-targeting transcription factors. The result is a compact, yet potent, activation domain capable of activating multiple promoter regions.
CR4. Despite more than two decades of extensive study, relatively little is known about the function and binding partners that associate with E1A via its C terminus. In HAdV-5 E1A, CR4 spans residues 240 to 288 (4). This region is required for oncogenic transformation of rodent cells in cooperation with E1B (24, 126) but, paradoxically, it suppresses transformation in cooperation with activated ras (11, 125) . This region of E1A is also necessary to activate transcription of epithelium-specific genes, inducing a mesenchymal-to-epithelial transition (47, 114) . Software predictions suggest that most of the region encoded by the second exon is largely unstructured, with subregions showing a propensity to form structure. As noted above for other regions, the extreme C terminus of HAdV-12 E1A is predicted to be largely structured, whereas the E1A proteins of other serotypes are not (Fig. 2) .
There are only a few known proteins that associate with this region of E1A, and their interactions generally map within CR4. These include the CtBP family (11, 114) and dual-specificity tyrosine (Y) phosphorylation-regulated kinase (Dyrk1A) and Dyrk1B (148) . The extreme C terminus of the major E1A proteins also contains a canonical nuclear localization signal, consisting of the sequence KRPRP (residues 285 to 289 in HAdV-5 E1A), which directly interacts with importin-␣ and directs rapid nuclear import of E1A (67, 79) .
The best-characterized interaction of the C terminus/CR4 is with CtBP, which was originally identified based on its association with E1A. An N-terminal region of CtBP binds to a PXDLS motif (residues 279 to 283 in HAdV-5 E1A) (114) that is present in all the currently sequenced HAdV E1A proteins (4) and a number of cellular transcription factors (Fig. 1) . CtBP is a transcriptional corepressor that dimerizes upon NADH binding. When recruited to a cellular promoter by a sequence-specific transcription factor, it directs the formation of a silencing complex. CtBP primarily represses proapoptotic and epithelial gene expression (17) . E1A inhibits CtBP targeting by competing with cellular PXDLS-containing factors. This leads to a derepression of transcription. Alternatively, E1A could potentially use the CtBP dimer to access specific repressed promoters and subsequently recruit coactivators to turn on gene transcription, but this has not been tested.
In agreement with the prediction that the CtBP binding region of HAdV-12 is inherently structured, a short, 14-residue peptide encompassing the PXDLS region of HAdV-12 E1A binds to CtBP with an affinity approximately 10-fold higher than that of a corresponding peptide from HAdV-5 E1A (91). The reason HAdV-12 E1A differs from the other serotypes is not known, and the functional consequences of this difference remain to be explored. Nuclear magnetic resonance analysis indicates that the PXDLS portion of the HAdV-12 peptide forms a series of ␤-turns when free in solution (91) . However, upon binding to CtBP, this portion of the peptide changes to form an extended ␣-helix and can thus be considered an ␣-MoRF (90). The residues N-terminal of the PXDLS motif are predicted to be predominantly structured (Fig. 2) and have been shown to form an ␣-helix in solution (90) . The proline residue in the PXDLS motif of HAdV-12 is probably important in disrupting this ␣-helix prior to interaction with CtBP. Upon binding to CtBP, the proline residue has been suggested to act as a "helix inducer" by driving the ␤-to-␣ conformational switch of the PXDLS motif in the presence of CtBP1 (90) . Similar structural features are observed for most other PXDLS-containing cellular and viral proteins, and they are likely important in CtBP binding. The exact contacts made between the HAdV-12 C terminus and CtBP remain to be elucidated, but they are likely driven by hydrophobic interactions with an N-terminal hydrophobic cleft in CtBP as reported for other PXDLS-containing proteins (96, 149) . Intriguingly, the C terminus of CtBP has recently been reported to lack structure (97) . This region may be important in the function of the protein as a promiscuous transcriptional corepressor that targets numerous factors, and lack of structure could facilitate binding to a large variety of binding partners.
Dyrk1A and -1B are highly related dual-specificity kinases that have been implicated in regulating cell survival, proliferation, and differentiation (86) . It is unclear why E1A targets Dyrk1A and -1B, but the interaction with E1A stimulates their kinase activity in vitro and their binding overlaps the CtBP binding site (148) . In an interesting parallel, the immortalization of keratinocytes by HPV16 E7 results in an increase in Dryk1A expression, and a similar increase in Dyrk1A expression is present in malignant HPV-positive cervical cancers, where it has been proposed to function as an antiapototic factor (15) . E1A may utilize Dyrk1A as a survival factor in a manner similar to that of HPV E7, but this remains to be determined.
CONCLUSIONS
The proteins encoded by adenovirus E1A are multifunctional regulators of transcription and the cell cycle. The E1A proteins serve as viral molecular hubs that physically interact with and coordinate the actions of dozens of diverse cellular proteins, many of which are molecular hubs themselves. There is no atomic structure available for E1A and it has no known cellular orthologs. Mutational analysis and structural predictions suggest that E1A exists largely in a natively unfolded conformation. Intrinsic structural disorder in E1A likely confers promiscuity in target binding and most likely forms the VOL. 82, 2008 MINIREVIEW 7259
on February 28, 2013 by PENN STATE UNIV http://jvi.asm.org/ basis for the multifunctional properties of E1A, which is necessary for virus growth. Currently, there are many identified or predicted MoRFs and LMs within E1A, which makes it a rich discovery platform for these short, interaction-prone segments of protein disorder as well as a useful tool for dissecting cell regulation. Indeed, the interaction of E1A with individual mammalian regulatory proteins, and the resulting effects on their normal function, has been heavily exploited to elucidate the molecular basis by which they control cellular processes (7, 34, 36, 38, 94, 116) . Furthermore, our understanding of the structure/function relationship in E1A is already being utilized in the development of conditionally replicating HAdV-5 as an oncolytic agent (45, 52, 54, 105) , and E1A itself is undergoing clinical trials as an antitumor therapy based on its anti-oncogenic effects (53, 80, 134, 145) . One area that remains largely undetermined is an integrated systems biology type of analysis of how the viral E1A hub cross-couples existing cellular network components by establishing new connections. Clearly, the concurrent association of E1A with multiple cellular proteins, many of which with intrinsic enzymatic activity, has the potential to establish novel infection-specific pathways (14, 137, 150) . Thus, the isolation and study of new targets of E1A continue to provide an exciting opportunity to identify and dissect critical mechanisms controlling mammalian transcription, immunity, and growth and differentiation, as well as translational applications.
